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The human immunodeficiency virus, type 1, transactivating
protein Tat is a small protein that is strictly required for viral
transcription and multiplication within infected cells. The
infected cells actively secrete Tat using an unconventional
secretion pathway. Extracellular Tat can affect different cell
types and induce severe cell dysfunctions ranging from cell acti-
vation to cell death. To elicit most cell responses, Tat needs to
reach the cell cytosol. To this end, Tat is endocytosed, and low
endosomal pH will then trigger Tat translocation to the cytosol.
Although this translocation step is critical for Tat cytosolic
delivery, how Tat could interact with the endosome membrane
is unknown, and the key residues involved in this interaction
require identification. We found that, upon acidification below
pH 6.0 (i.e. within the endosomal pH range), Tat inserts into
model membranes such as monolayers or lipid vesicles. This
insertion process relies on Tat single Trp, Trp-11, which is not
needed for transactivation and could be replaced by another
aromatic residue for membrane insertion. Nevertheless, Trp-11
is strictly required for translocation. Tat conformational
changes induced by low pH involve a sensor made of its first
acidic residue (Glu/Asp-2) and the end of its basic domain (res-
idues 55—57). Mutation of one of these elements results in mem-
brane insertion above pH 6.5. Tat basic domain is also required
for efficient Tat endocytosis and membrane insertion. Together
with the strict conservation of Tat Trp among different virus
isolates, our results point to an important role for Tat-mem-
brane interaction in the multiplication of human immunodefi-
ciency virus type 1.

The human immunodeficiency virus, type 1 (HIV-1),? trans-
activating protein Tat is a small basic protein of 86—-102 resi-
dues, depending on the viral isolate (1). An essential function of
this protein is to participate in the transcription of viral genes.
In the absence of Tat, transcription from the HIV-1 long termi-
nal repeat only produces short RNA, whereas the expression of
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Tat results in the production of long RNA and a marked
increase in gene expression (2). Tat is also involved in other
steps enabling virus production and is strictly required for
HIV-1 multiplication within infected cells (2).

A number of studies suggest that Tat function is not
restricted to infected cells (1, 3-7). Indeed, the infected cells
secrete Tat (3) using a secretion process that is termed uncon-
ventional, because Tat does not have a signal sequence. Accord-
ingly, Tat secretion is insensitive to the fungal metabolite
brefeldin A, indicating that Tat bypasses the endoplasmic retic-
ulum to exit the cell (8). This is the case for most proteins
secreted using nonclassical secretion mechanisms (9). Al-
though some of these pathways have been characterized (10),
this is not the case for Tat.

Tat concentrations measured in the sera of patients infected
with HIV-1 were in the nanomolar range (11). These values are
most likely underestimated because Tat binds very efficiently to
several cell types, such as endothelial cells (12). Circulating Tat
does not seem to result from the lysis of infected cells that
instead appear to actively secrete large amounts of Tat into the
bloodstream (3). Extracellular Tat can exert different effects on
cell functions and generate a wide array of cell responses rang-
ing from cell activation (T-cells and endothelial cells) to stim-
ulation of cytokine secretion (T-cells and monocytes) and cell
death (neurons and endothelial and T-cells) (1, 4—7). Accumu-
lating evidence suggests that extracellular Tat is involved in the
evolution to AIDS (1, 4—6), and Tat is considered as an impor-
tant component in developing anti-HIV-1 vaccines (13).

To elicit cell responses, at least on T-cells and monocytes,
Tat needs to reach the cytosol (14-16). To this end, Tat first
binds to several cellular receptors such as CD26 (17), CXCR4
(11), heparan sulfate proteoglycans (18), and the low density
lipoprotein receptor-related protein (19). Tat is then endocy-
tosed (20, 21), essentially by the clathrin-coated pit pathway
(15). Once in the endosome, Tat crosses the membrane to enter
the cytosol. This translocation step is triggered by endosomal
low pH (pH 5.3-5.5) and is facilitated by the cytosolic chaper-
one Hsp90 (15). Hence, Tat enters cells using a “conventional”
endosomal translocating toxin strategy, just like diphtheria
toxin, which is the best characterized example of this type of
toxin (22). The study of the translocation process of endosome-
translocating toxins was facilitated by their ability to insert into
model membranes upon acidification (23, 24). Whether Tat is
also able to do so has yet to be demonstrated.

Moreover, although the implication of each Tat residue in
transcriptional activity has been thoroughly determined (25),
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the molecular determinants that enable Tat to enter the cytosol
of mammalian cells has yet to be identified. The Tat basic
domain (residues 49-57) is likely involved in cell binding
because the corresponding peptide recognizes cell surface
heparan sulfate proteoglycans (26, 27), just like native Tat (18).
From its capacity to introduce attached proteins into the cell
cytosol, this peptide has been termed the protein transduction
domain (PTD), and Tat-PTD is a popular tool to deliver cargos
intracellularly (28). Tat-PTD has been shown to enter cells
using either macropinocytosis (29) or clathrin-mediated endo-
cytosis (30). The fact that Tat and Tat-PTD share a common
receptor and can both undergo clathrin-dependent uptake
indicates that these early steps of Tat entry into cells might
involve the PTD. Whether this is the case for later events such
as transmembrane transport is unknown.

A key step in Tat translocation is Tat insertion into the endo-
some membrane. It is not clear how such a small protein as Tat,
which is devoid of a hydrophobic a-helix (31), could undergo
membrane insertion. Nevertheless, we previously showed that
insertion of Pseudomonas exotoxin A (PEA) into the endosome
membrane relies on a key tryptophan residue that becomes
exposed at endosomal pH (pH 5.3-5.5) and then triggers mem-
brane insertion (24). Other proteins such as annexin-V (32) and
protein kinase C-« (33) also undergo such regulated Trp-me-
diated membrane insertion, although in that case the stimulus
triggering insertion is a rise in Ca** concentration and not
acidification. Interestingly, Tat has a single Trp that, despite the
high HIV-1 mutation rate (34), is one of the best conserved Tat
residues (35). According to a three-dimensional structure
based on two-dimensional NMR experiments, Trp-11 is
located in the center of the molecule, sandwiched between the
core and glutamine-rich domains (31), and is therefore poten-
tially involved in Tat insertion into the endosome membrane.

All known proteins whose membrane insertion is based on a
Trp side chain have a molecular device that induces Trp expo-
sure and thereby controls insertion (24, 32, 33). Because the Tat
membrane insertion process only takes place within endo-
somes (15), if Tat actually belongs to this group of proteins it
likely possesses a low-pH sensor able to trigger Trp exposure
upon endosomal delivery.

Here we showed that Tat inserts into model membranes
upon acidification, and we identified key determinants of this
insertion process. We found that Tat uses a low-pH sensor
involving Asp/Glu-2 and the basic domain to regulate exposure
of its single Trp that allows Tat to initiate membrane insertion.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were from Sigma, and phospholipids
were from Avanti Polar Lipids. 10-DN was kindly provided by
Erwin London (Stony Brook University, New York). Transferrin
(Tf) was labeled with Cy5 using the protocol provided by the man-
ufacturer of the labeling kit (GE Healthcare). Monoclonal antibod-
ies were from Advanced Biotechnology Inc. (anti-Tat) and the
Iowa Developmental Studies Hybridoma Bank (anti-Lamp-1).
Secondary antibodies were obtained as indicated (15).

Cells and Plasmids for Tat Expression and Purification—]Ju-
rkat T-cells (clone E6-1) were from ATCC and transfected
using electroporation (15). We used a Tat (BH10 isolate) of 86
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residues. An elongated version of 101 residues, obtained by
mutating the stop codon into Ser (25), was also used for some
assays with similar results. Site-directed mutagenesis of Tat in
pET-11d vector (for expression in Escherichia coli) and pBi-GL
(for expression in mammalian cells) was performed using
QuikChange kits (Stratagene) and appropriate primers. All
mutant DNA coding sequences were entirely sequenced
(Genome Express, Meylan, France). Recombinant Tat or Tat
mutants were expressed and purified from E. coli as described
(15), and identification was confirmed by mass spectrometry
(Proteomic Facilities of the IFR3, Montpellier, France).

Lipid Vesicles and Fluorescence Spectroscopy—An SS35 spec-
trofluorometer and ultramicro-quartz 200-ul cuvettes
(PerkinElmer Life Sciences) were used. Slit widths were 7 nm
for both excitation and emission. Fluorescence intensity was
measured at 351 nm using excitation at 279 nm. The back-
ground intensity measured in the absence of Tat was sub-
tracted. To prepare small unilamellar vesicles (SUV), lipids
(dioleoylphosphatidylcholine (PC)/dioleoylphosphatidylglyc-
erol (PG) 75/25) were dried under N, and further dried under
high vacuum overnight. The dried lipids were then suspended
in 100 mm NaCl, 50 mwm citrate, pH 7.2 (citrate buffer), and
sonicated using a bath sonicator for 1 h and then a microtip
sonicator for 3 min. The resulting SUV had a diameter of 100 —
200 nm. To prepare brominated vesicles, half of the PC was
replaced by 1,2-(9,10-dibromo)stearoyl phosphatidylcholine
(24). When indicated the 10-DN quencher was added at 10
mol % before drying the lipids (36). Experiments were per-
formed using 2 uMm Tat in citrate buffer, pH 7.0, unless other-
wise stated. SUV were used at a concentration of 400 um lipids.
Quencher and SUV concentrations were high enough to pro-
duce a minimal dilution that was taken into account for calcu-
lation. The inner filter effect caused by the highest acrylamide
concentrations was negligible and was not corrected (37).

Monolayer Measurements—Tat insertion into a phospho-
lipid monolayer of PC/PG (75/25) was measured at 23 °C by
monitoring the change in surface pressure () at constant sur-
face area using a 10-ml square Teflon trough and a small diam-
eter wire probe fitted on a Kibron microtrough S instrument
(38). The lipid monolayer was spread onto the citrate buffer
subphase until the desired initial surface pressure (m,) was
reached. After 15 min, Tat (26 nMm) was injected into the sub-
phase. Following pressure stabilization (15-20 min), the pH
was lowered to pH 5.3 by injecting concentrated HCl over a
1-min period. The increase in surface pressure (A7) was mon-
itored for 30 min while stirring the subphase at 60 rpm. Typi-
cally, the A7 value reached a maximum after 20 min. The
resulting A7 was plotted versus 1, allowing us to determine the
critical surface pressure () as the x-intercept (38). For con-
version, 1 dyne = 1 mN/m. The statistical significance of the
data was examined using the correlation coefficient test.

Transactivation Assays—To examine the capacity of exoge-
nous Tat to enter cells and transactivate the LTR, Jurkat T-cells
(9.10° were cotransfected with 7 ug of pGL3-LTR, which
expresses firefly luciferase under control of the Tat-activated
HIV-1-LTR promoter, and 1 ug of pRL-TK (Promega), which
codes for Renilla luciferase under control of the herpes simplex
virus thymidine kinase promoter and is used to normalize
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results. After 18 h, 200 nM recombinant Tat (or Tat mutant) and
100 uMm chloroquine were added. One day later, cells were lysed
for dual luciferase assays (Promega), and transactivation activ-
ity was calculated using the firefly/Renilla activity ratio (15).

To assess whether Tat mutants preserved a native and reac-
tive structure, Jurkat cells were cotransfected with the lucifer-
ase plasmids together with a Tat expression vector (3 or 10 pg,
as indicated). After 48 h, cells were lysed, and transactivation
activity was determined as described above.

Immunofluorescence—Jurkat T-cells were incubated for 6 h
with 50 nm Tat. Tf-Cy5 (100 nm) was added for the last 40 min
of labeling. Cells were then washed, fixed with 3.7% paraform-
aldehyde, processed for Tat and Lamp-1 detection as described
(15), and finally viewed under a Leica SPE confocal microscope.

To quantify Tat colocalization with transferrin and Lamp-1
that are early and late endosome markers, respectively, we used
images from 20 to 30 cells and the Metamorph software (Uni-
versal Imaging). To assess Tat endocytosis efficiency, the same
images were used. Tf and Lamp-1 images were summed using
Adobe Photoshop, and Tat internalization efficiency (%) was
calculated using Metamorph as the percentage of Tat pixels
present within a Lamp-1 or transferrin-positive compartment.
Visual examination of processed images confirmed that Tat
staining outside these structures localized to the plasma mem-
brane. The anti-Tat monoclonal antibody we used for immu-
nofluorescence binds to the first nine residues of Tat. It poorly
recognized Tat-E2A and Tat-D5A, and endocytosis of these
mutants could therefore not be reliably quantified.

RESULTS

Low pH Induces Tat Conformational Changes—Structural
studies of HIV-1 Tat performed by two-dimensional NMR sug-
gested that the Tat single Trp is located within a valley and that
Trp fluorescence should be highly sensitive to conformational
modifications (31). To assess whether Tat conformation
changes upon solvent acidification, we monitored the effect of
pH on Tat Trp fluorescence, first in the absence of membrane.
Although fluorescence intensity decreased almost linearly with
pH, there was nevertheless a small plateau between pH 5.8 and
pH 5.5 indicating that a conformational change might take
place within this pH range (Fig. 14). Conformational modifica-
tions can also be detected by a shift in the wavelength of maxi-
mum emission (A,,,,). We thus monitored whether acidifica-
tion induced modifications of the ratio of emission intensity at
330 nm to that at 350 nm, a method that is recognized as more
accurate than direct measurements of minute A, shifts (37).
The 330/350 ratio increased from pH 7 to pH 4 (Fig. 1B), indi-
cating a blue shift in Trp fluorescence. Hence, the Tat Trp envi-
ronment changes upon acidification. We used fluorescence
quenchers to examine whether this environment modification
was associated with structural changes leading to enhanced Trp
accessibility. Whereas the large ions I~ and Cs™ failed to reveal
a difference in Trp access (Fig. 2, A and B), acrylamide quench-
ing was more efficient at low pH (Fig. 2C). Hence, acidification
enabled this small and neutral molecule to reach Tat Trp more
easily. This indicates that Tat structure in this region opens
when pH drops from pH 7.0 to pH 5.3, and that Tat Trp has
easier access to the solvent at pH 5.3. It should be noted that
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FIGURE 1. Effect of pH on the Trp fluorescence of Tat in the absence of
membrane. A, fluorescence decreases upon acidification. Samples con-
tained 2 um Tatin 150 mm NaCl, 50 mwm citrate (citrate buffer) at the indicated
pH. Fo/F is the ratio of fluorescence intensity at pH 7.0 relative to that at the
indicated pH. B, emission maximum shift as monitored by the ratio of fluores-
cenceintensity at 330 nm to that at 350 nm. The increase in this ratio as the pH
dropped denotes a blue shift. Representative results of triplicate experiments
are shown.

the latter value is within the endosome pH range (40), and that
this molecular reorganization is therefore likely biologically
relevant.

Acidification Induces Tat Insertion into Membrane Mono-
layers—Tat undergoes acid-triggered translocation across the
endosomal membrane (15), but it has yet to be shown whether it
could insert into model membranes at low pH. To examine this
issue, we first monitored the capacity of Tat to penetrate mem-
brane monolayers of dioleoylphosphatidylcholine/dioleoyl-
phosphatidylglycerol (75/25). They were spread at constant
area and at an initial surface pressure (1,) onto a subphase at
neutral pH. The change in surface pressure (A7) was monitored
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FIGURE 2. Effect of soluble quenchers on the Tat Trp fluorescence. 2 um
Tat in citrate buffer, at pH 7.0 or pH 5.3, received the indicated concentration
of quencher. Fy/F is the ratio of fluorescence intensity in the absence of
quencher (Fy) to the intensity in the presence of quencher (F), against the
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FIGURE 3. Tat inserts into model membranes upon acidification. A, mono-
layer penetration of Tat. Tat insertion into monolayers was monitored using
A as a function of m,. Monolayers were made of PC/PG (75/25), and the
subphase was citrate buffer at the indicated pH and contained 26 nm Tat. Each
point represents an independent experiment. Statistical significance calcu-
lated using the correlation coefficient testis p < 0.02 for pH 5.3 and p < 0.001
for pH 7.0. B, quenching of Tat Trp fluorescence by lipid vesicles. Tat (2 um)
was quickly mixed with lipid vesicles composed of PC/PG (75/25; Control),
PC/bromo-PC/PG (37.5/37.5/25; bromo-PC), or PC/PG/10-DN (75/25/10;
10-DN) in citrate buffer. F/F is the ratio of fluorescence intensity at pH 7.0
relative to that at the indicated pH. Shown are representative results of trip-
licate fluorescence experiments.

after Tat injection into the subphase. Extrapolation of the A
versus T, plot yields m, the highest m, pressure of a monolayer
that a protein can penetrate (38). Fig. 3A shows that, at neutral
pH, Tat does not penetrate monolayers, regardless of .
Nevertheless, acidification to pH 5.3 following Tat injection

quencher concentration. A, quenching by |I7; B, quenching by Cs**;
G, quenching by acrylamide. Representative results of triplicate experiments
are presented. Similar data were obtained using a phosphate buffer.
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induced membrane penetration with 7. in the 30-35 mN/m
range. Because the surface pressure of biological membranes
and large unilamellar vesicles has also been estimated at 3035
mN/m, this result indicates that Tat can penetrate model and
biological membranes at pH 5.3, hence at endosomal pH (40).

Tat Trp Inserts into Model Membranes upon Acidification—
If Tat is able to insert into model membranes upon acidifica-
tion, and if Trp-11 is significantly involved in this insertion
process, it should directly contact lipids and therefore be acces-
sible to membrane-embedded quenchers such as dibromo-PC
(24) or 10-doxylnonadecane (10-DN) (36). In the presence of
control lipid vesicles, some Tat Trp quenching took place dur-
ing acidification, but this quenching was relatively weak and
plateaued below pH 5.7 (Fig. 3B), contrary to what was observed
in the absence of membrane, where an almost linear relation-
ship between acidification and quenching was observed (Fig.
1A). This difference indicated that Tat Trp environment
changed in the presence of vesicles. Moreover, quenching effi-
ciency below pH 6 was strongly enhanced by the presence of
brominated PC or 10-DN into the vesicles (Fig. 3B), showing
that Tat Trp inserts into liposomes at low pH. Within the endo-
some pH range (pH 5-7), both quenchers were equally efficient
at quenching Tat Trp.

Mutation of Tat Trp Does Not Impair Transactivation or
Endocytosis—To investigate the role of Tat Trp in membrane
insertion and translocation in more detail, we replaced it by
another aromatic residue (Phe or Tyr) or a hydrophobic residue
(Leu or Ala). The respective abilities of these residues to insert into
membranes is Trp >> Phe >Tyr > Leu >> Ala (41). We first
assessed whether these mutations significantly modified the Tat
structure. To this end, we monitored the transactivation activity of
cytosolically expressed mutants. This assay indeed requires Tat
interaction with several partners (proteins and RNA) (25),
involves several domains of the protein, and highlights struc-
tural modifications. For this assay, Tat and luciferase vectors
were cotransfected into Jurkat cells, and transactivation activity
was measured after 48 h. Tat-W11F and Tat-W11L transacti-
vated less efficiently than native Tat, indicating that these
mutations altered Tat structure and reactivity (Fig. 4). The
W11A mutation had already been reported as not affecting Tat
transactivation activity (25).

We then used immunofluorescence to assess whether Trp
mutants were efficiently recognized and internalized by T-cells,
one of the main Tat targets (15). None of the Trp-11 mutations
affected endocytosis efficiency (Fig. 5, A and B). Regarding
intracellular routing, we previously found that, upon uptake by
T-cells, Tat concentrates within late endosomes, although a
minor fraction (10 —20%) remains within early endosomes (15).
Just like native Tat, all the Trp-11 mutants accumulated within
Lamp-1-positive late endosomal structures, whereas 15-20%
were present in Tf-positive early endosomes (Fig. 5, A and C).
We concluded that, even though Tat-W11F and Tat-W11L
structures seemed modified, none of the Tat Trp mutations
significantly affected Tat endocytosis efficiency and intracellu-
lar routing.

Implication of Tat Trp in Acid-triggered Membrane Inser-
tion—We then examined the role of Tat Trp in membrane
insertion using these Trp mutants. We used membrane mono-
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FIGURE 4. Transactivation activity of transfected Tat mutants. This assay
enabled evaluation of proper Tat folding and reactivity. Cells were cotrans-
fected with a Tat-expressing plasmid together with two luciferase reporter
vectors. The first one encoded a firefly luciferase gene under the control of a
Tat-activated promoter (i.e. HIV-1-LTR), and the other encoded a Renilla lucif-
erase gene under the control of a Tat-independent promoter. Luciferase
activities were assayed 48 h later, and transactivation was calculated using
the firefly/Renilla activity ratio (15). Data are means of two independent
experiments performed in quadruplicate = S.E. The significance of differ-
ences with native Tat was assessed using an unpaired, two-sided Student’s t
test (***, p < 0.001; **, p < 0.01). WT, wild type.

layers because the use of Trp fluorescence was not possible in
that case. As illustrated in Fig. 6, at neutral pH, only background
insertion was observed (Ap <1 mN/m) for all mutants. Hence,
Trp mutation did not affect the low-pH sensor of the molecule
that prevented membrane insertion at neutral pH. When pH
was lowered to pH 5.3, Tat-W11Y and Tat-W11F inserted into
the monolayer with 7. in the 30-35 mn/m range (Fig. 6), as
observed for native Tat (Fig. 34). Tat-W11A and Tat-W11L did
not penetrate the membrane at any pH (Fig. 6). Hence, an aro-
matic residue in position 11 is required for acid-triggered Tat
membrane insertion.

Tat Trp Is Required for Tat Endosomal Translocation—The
next step was to use biological membranes and assess the role of
Tat Trp in translocation across the endosome membrane. We
previously characterized this translocation process in some
detail using a cell-free translocation assay based on the use of
125[-Tat (15). This assay could not be used with Tat Trp
mutants because they were not radiolabeled with the same effi-
ciency, and this process led to inactivation of Tat-W11A (sup-
plemental Table 1). To circumvent this difficulty, we used a
transactivation assay in which recombinant Tat Trp-11
mutants were added to the medium of luciferase-transfected
cells. Indeed, all mutants were endocytosed with an efficiency
similar to that of native Tat (Fig. 5), and once in the cytosol, with
the exception of Tat-W11F and Tat-W11L, they transactivated
just as well as native Tat (Fig. 4). Measuring the transactivation
efficiency of exogenous recombinant Tat Trp-11 mutants
should thus enable evaluation of their translocation activity.
Surprisingly, extracellular Tat-W11A was able to transactivate,
but this mutant produced poorly reproducible results in this
assay (Fig. 7); this might have been due to poor stability in the
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Tat Lamp-1 Transferrin Merge extracellular medium, as already
indicated by inactivation upon **°I
incorporation (supplemental Table
1). This mutant also showed unspe-
cific membrane binding when
expressed intracellularly (data not
shown), indicating that it interacted
nonspecifically with membrane
proteins. The other Trp-11 mutants
transactivated with efficiency below
25% that of native Tat (Fig. 7). This
was not surprising in the case of
Tat-W11F and Tat-W11L that have
very low intrinsic transactivation
capacity (Fig. 4).

The case of Tat-W11Y was the
most interesting. This mutant
transactivated properly (Fig. 4),
indicating that it retained Tat native
folding. It was correctly endocy-
tosed and efficiently routed to late
endocytic structures intracellularly
(Fig. 5). It was able to insert into
model membranes upon acidifica-
tion to endosomal pH (Fig. 6), but
when added outside the cell, it
hardly reached the cytosol (Fig. 7).
We concluded that, although other
aromatic residues such as Phe or
Tyr can replace Trp to ensure low
pH-induced membrane insertion
(Fig. 6), this is not the case for the
entire translocation process that
requires Tat Trp at a stage beyond
insertion.

Tat Basic Domain Is Required for

Efficient Membrane Insertion—The
] Lamp-1 . . .
B Transferrin Tat basic domain (residues 49 —57)

is able to vectorize cargo proteins
(55-57)A | B (55-57)A %%777%% C into cells (28), so it was important to
(49-51)A7 H—¢ *% (49-51) A%}; exam{ne‘ the contribution of this
WT Y domain in Tat entry. We prepared
. — : wWT %777777% -
5 W11y / two Tat mutants, Tat(49 —51)A and
[
\
I
|

WT

WI11A

WI11F

ASBMB

W11Y

(49-51)A

WI11L

(55-57)A

The Journal of Biological Chemistry

*
*
*

= Tat(55-57)A, that both lack three

WIIL | v e WY P positive charges within this domain.
W11F 5 | WH% It is well established that Tat basic
W11A | g domain confers TAR RNA bind-
U W”':%]— i ing properties to Tat (25), and it

0 20 40 60 80 W11A was therefore not surprising to find

Internalization (%)

an g that Tat(55-57)A and especially

i T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
0 20 40 60 80 100 Tat(49-51)A had low transactiva-
Colocalization (%) tion capacities (Fig. 4). It is difficult

FIGURE 5. Endocytosis efficiency and intracellular routing of Tat mutants. Jurkat cells were incubated with  in that case to draw any conclusion
50 nm Tat (or mutant) for 6 h, and Tf-Cy5 was added for the last 40 min. Cells were then washed, fixed, and : .
permeabilized for detection of Tat ané Lamp-1 by immunofluorescence. A, median optical sections were regardmg structure  preservation
recorded using a confocal microscope. Bar, 5 um. WT, wild type. B, images from 20 to 30 cells were recorded, ~ because mutations directly affected
and the endocytosis efficiency was determined as described under “Experimental Procedures.” C, colocaliza- 4 region involved in RNA binding.
tion of Tat with Lamp-1 and transferrin was calculated using images from 20 to 30 cells and the Metamorph . .
software. The significance of differences with native Tat assessed by Student’s t test is indicated (***, p < 0.001; These basic domain mutants were
** p < 0.02). None of the mutations significantly modified Tat intracellular distribution. endocytosed less efficiently than
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6 6 native Tat, and especially for
Tat-W11A Tat-W11F Tat(55-57)A, a large fraction
57 v pH7.0 57 v pH7.0 remained at the plasma membrane
A pH53 A —&—pH53 (Fig. 5, A and B). This finding indi-
£ 47 = 47 cates that the basic domain is
2 > A required for efficient Tat uptake. The
EE: 37 E B (49 -51)A and (55-57)A mutants fol-
= 5 | = o lowed the same intracellular pathway
as native Tat (Fig. 5C).

14 1 We then assessed whether Tat
e basic domain mutants could insert
0~ e e ] J SN SN M into model membranes upon acidi-
10 15 20 25 30 35 10 15 20 25 30 35 fication. We used lipid vesicles and
7, (MN/m) 7, (MN/m) membrane-embedded quenchers,
i . distearoylbromo-PC, which bears
: bromide atoms in positions 9 and
35 TatWitk 6 TN 10, and 10-DN, which is a highly
3 V. pHT7.0 v pH7.0 hydrophobic molecule containing a
4 PHSS3 57 P “ —&— pH 5.3 nitroxide and that is thought to dis-
E 218 E i tribute homogeneously within the
E 2 Z membrane core (36). The resulting
o N quenching curves (Fig. 8, top panels)

< 1.5 - S o .
were strikingly different from that
14 24 of native Tat (Fig. 3B). Compared
05 | A 14 with control vesicles, brominated
v _ liposomes poorly affected mutant
0 e e 1 Sy O b T fluorescence, showing that these

5 10 15 20 25 30 35 10 15 20 25 30 35

m, (mN/m)

FIGURE 6. Monolayer penetration of Tat Trp mutants. Insertion was monitored using A as a function of .
Monolayers were made of PC/PG (75/25). The subphase was citrate buffer at the indicated pH and contained 26
nm Tat mutant. Each point represents an independent experiment. Only statistically significant linear regres-
sions were plotted. This significance is p < 0.001 and p < 0.01 for the insertion at pH 5.3 of Tat-W11F and

Tat-W11Y, respectively.

100%

< 80 —

~

o) _

= 60

=N

S 40 X
5 Z T
1—20{ 7 jT § f
VAN An

wT 'w11a ' w11F w1l 'w11y
Tat

FIGURE 7. Transactivation activity of exogenous Tat Trp mutants. Cells
were transfected with the luciferase reporter vectors. After 1 day, 200 nm
recombinant Tat or mutant and 100 um chloroquine were added. Luciferase
activities were assayed 48 h later, and transactivation is expressed as percent-
age of wild type (WT) Tat activity. Data are mean of two independent experi-
ments performed in quadruplicate = S.E. The significance of differences with
native Tat was assessed using a Student’s t test (***, p < 0.001).
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mutants, especially Tat(49-51)A,
failed to insert deeply into the mem-
brane. Nevertheless, Tat(55-57)A
fluorescence was very efficiency
quenched by 10-DN, indicating that
this mutant superficially inserted
into the membrane (Fig. 8). This
was also observed for Tat(49 —51)A but to a much lower extent.
These findings were confirmed by monolayer insertion results.
Indeed, Tat(49 -51)A did not significantly insert into monolay-
ers whatever the pH (Fig. 8, bottom panels), whereas Tat(55—
57)A inserted efficiently at acidic pH (7, = 30 -35 mN/m) and,
interestingly, inserted weakly but significantly at neutral pH
(my = 22-26 mN/m). We will come back to this point below.
These combined insertion data show that, upon acidification,
Tat(49-51)A membrane penetration is weak and superficial,
whereas Tat(55-57)A inserts much more efficiently. Neverthe-
less, Tat(55-57)A does not seem to insert as deeply into the
membrane as native Tat.

Glu/Asp-2 and Tat Basic Domain Constitute a Low pH Sen-
sor That Regulates Tat Membrane Insertion—Because Tat only
inserts into the membrane below pH 6.0 (Fig. 3), a pH sensor
device should be present to prevent Trp exposure above this
pH. An interesting candidate to fulfill this role was the strong
interaction between acidic N-terminal residues and positively
charged residues in the basic domain (35, 42). Indeed, protona-
tion of the carboxyl of the Glu/Asp side chain upon acidifica-
tion would likely destabilize this electrostatic interaction and
open the Tat structure. If a charged residue plays a role in
low-pH sensing, its replacement by a neutral residue should
allow membrane insertion at pH values above those required to

LA (mN/m)
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atneutral pH, Tat-E2A inserted effi-

—=<—— Control

ciently at acidic pH (7, = 30-32
mN/m) and significantly at neutral
pH (7, = 26-30 mn/m) (Fig. 10).
This indication that Glu/Asp-2
belongs to the low-pH sensor was
confirmed using Trp fluorescence
and liposomes. Interestingly, al-
though Tat-D5A like native Tat did
not insert into liposomes above pH
6, Tat-E2A inserted just as effi-
ciently as Tat(55-57)A (Fig. 9).

—+H— Bromo-PC
—=&—— Control
—&— 10-DN

Tat(55-57)A

Hence, the Tat low-pH sensor
“oH involves Glu-2 and the Arg triplet
55-57. Trp fluorescence of the cor-

responding mutants specifically
showed enhanced susceptibility to
acrylamide quenching at neutral pH
(data not shown), indicating that
inactivation of the Tat low-pH sens-
ing device results in increased expo-
sure of Trp-11 to the outside of the
molecule at neutral pH. Finally, it
should be noted that the poor
intrinsic transactivation activity of
acidic and basic domain mutants

Tat(55-57)A

—/—pH7.0
—a&— pH 5.3
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) —— 10-DN 7
1.5 _
1 Tat (49-51)A 2
1.4
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13 “ 16—
1.2 =
7 1.2
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FIGURE 8. Membrane insertion of Tat basic domain mutants. Upper panels, quenching of mutant Trp fluo-

(Fig. 4) prevented examination of
their translocation activity using
recombinant proteins added to
reporter gene-transfected cells.

rescence by lipid vesicles. Lower panels, monolayer penetration of Tat basic domain mutants. Experiments

were performed as described in the legend to Fig. 3. The statistical significance of the linear regressions is p <

0.01 for Tat(55-57)A at pH 5.3 and p < 0.001 at pH 7.0.

ensure membrane insertion of native Tat. This is exactly what
was observed using Tat(55-57)A that, contrary to Tat(49-
51)A, inserted significantly into membrane monolayers at neu-
tral pH (Fig. 8). To confirm these findings, we monitored, using
Trp fluorescence, mutant insertion into liposomes at mildly
acidic pH (pH 6-7). We focused on the initial steps of mem-
brane penetration using vesicles containing 10-DN, so that we
could detect Trp side chain insertion as soon as it entered the
hydrophobic part of the membrane. Under these conditions, no
insertion of native Tat or Tat(49 —51)A could be detected using
10-DN (Fig. 9). Nevertheless, Tat(55-57)A fluorescence exhib-
ited enhanced susceptibility to 10-DN quenching as soon as the
pH dropped below pH 6.7. This result indicates that Tat(55—
57)A lost the low-pH sensor that regulates Tat insertion and
that the Arg triplet 55-57 belongs to this sensor. Because the
Tat basic domain stays in an extended conformation and exhib-
its a lot of flexibility (31, 42), we did not attempt to identify the
residue, if any, within this triplet that would be more specifically
interacting with acidic N-terminal residues.

We then tried to identify this or these negative residue(s). To
this end, we mutated Glu-2 and Asp-5 to Ala and examined the
capacity of the corresponding mutants to insert into mem-
branes. Although Tat-D5A inserted poorly into membrane
monolayers at low pH (7, = 25-27 mN/m) and not significantly

AUGUST 21, 2009+VOLUME 284 -NUMBER 34

DISCUSSION

HIV-1 Tat is notoriously refrac-
tory to crystallization, and pub-
lished structural studies were based on two-dimensional NMR
experiments. Despite the high positive charge density and the
paucity of hydrophobic residues, a conformation was obtained
using an 86-residue version of Tat at mildly acidic pH (pH 6.3—
6.5 (31)). Molecular dynamics simulations indicated that this
conformation exhibits a high degree of flexibility. Tat is never-
theless stabilized by interactions between the acidic N-terminal
domain and the basic domain of the protein (39). A different
conformation was observed at acidic pH (pH 4.1-4.5) using a
similar 86-residue Tat (43). Regardless of whether these con-
formations are stable, transient, or molten globule-like, it seems
that Trp-11 is poorly accessible to the solvent at mildly acidic
pH (31) but is much more exposed to the outside at low pH (43).
Moreover, a molecular dynamics analysis of a reduced version
of Tat (residues 1-72) at pH 4.1 suggests that this truncated Tat
is unfolded at low pH (44).

Here we used different Trp fluorescence quenchers and
found that, in agreement with the findings of structural studies
(31,43, 44), Tat Trp becomes exposed upon acidification. Con-
sistent with cell-based results showing that Tat translocates
through the endosome membrane (15), we observed that acid-
ification induced Tat insertion into model membranes such as
monolayers or SUV. This insertion process requires an aro-
matic residue at position 11 of the protein because Tat Trp-11
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FIGURE 9. Insertion of Tat mutants into lipid vesicles at mildly acidic pH.
Tat or the indicated mutant (2 um) was added to lipid vesicles composed of
PC/PG (Control) or PC/PG/10-DN (70-DN) in citrate buffer. Fo/F is the ratio of
fluorescence intensity at pH 7.0 relative to that at the indicated pH. Repre-
sentative results of triplicate experiments are shown. WT, wild type.

could be replaced by Phe or Tyr but not by Leu or Ala. Never-
theless, when the entire translocation process was examined,
Trp-11 was strictly needed, and no other hydrophobic residues
could replace it. This finding is consistent with the conserva-
tion of this residue among Tat from different viral isolates (35).
Studies of the third helix of Antennapedia, a Drosophila home-
odomain that is able to reach the cell cytosol from the outside,
also identified a key Trp residue that is required for transloca-
tion and could not be replaced by Phe (45).

We showed here that Tat uses a Trp-mediated regulated
membrane insertion process, as described previously for other
proteins such as annexin-V (32), protein kinase C-« (33), and
PEA (24). In the case of PEA and Tat, the stimulus leading to
Trp exposure and membrane insertion is acidification, and it
was therefore interesting to examine whether a low-pH sensor
system such as the one identified in PEA could also be found in
Tat. Indeed, low pH is detected by PEA-Asp-358 that is, at neu-
tral pH, engaged in an H-bond that is destabilized when the
Asp-carboxyl becomes protonated at pH < 5.5. This will even-
tually trigger Trp-305 exposure (24).

We looked for Tat residues that could potentially be involved
in low-pH detection and induced Trp side chain exposure and
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FIGURE 10. Monolayer penetration of Tat acidic domain mutants. Experi-
ments were performed as described in the legend to Fig. 3. The statistical
significance of the linear regressions is p < 0.01 for Tat-E2A at pH 5.3 and p <
0.02 for Tat-E2A at pH 7.0. For Tat-D5A it is p < 0.02 at pH 5.3.

membrane insertion at endosomal pH. Strong candidates were
acidic residues from the N-terminal domain that is connected
to the basic domain by electrostatic interactions that stabilize
the molecule. These residues are Asp-2 or Glu-2 depending on
viral isolates, Asp-5 and Glu-9 (39, 42). They are well preserved
among viral isolates but, compared with the others, Asp/Glu-2
establishes more stabilizing H-bonds with the basic domain
(39, 42). In agreement with structural studies (39), we found
that Glu-2, but not Asp-5, is involved in low-pH sensing by
Tat and that the E2A mutation enables Tat membrane inser-
tion above pH 6. Low-pH sensing by Tat is most likely due to
a pH-sensitive H-bond between Asp/Glu-2 and the end of
the basic domain, because mutation of the 55-57 Arg triplet
recapitulated the Tat-E2A membrane insertion phenotype
(Figs. 8-10).
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The fact that some Trp-11 mutants such as Tat-W11A and
Tat-W11Y retained complete transactivation activity indicated
that they preserved a native conformation that enables them to
interact with the different partners involved in this activity.
Although other mutations decreased transactivation activity, it
should be noted that informative mutants such as Tat-W11F
and those corresponding to the low-pH sensor (Tat-E2A and
Tat(55-57)A) nevertheless retained their capacity to insert into
membranes upon acidification (Figs. 6, 8, and 10). Hence, they
are not too drastically affected in their conformation and con-
served, at least partially, Tat capacity to achieve low pH-in-
duced membrane insertion.

In addition to its role in low-pH sensing, we found that the
Tat basic domain is required for efficient membrane insertion,
because a much shallower insertion was observed when three
positive charges were removed from this domain (Fig. 8). Tat-
PTD positive charges are likely necessary to achieve efficient
Tat binding to the phosphate groups of bilayer phospholipids
(46), so that efficient Trp insertion into the membrane core can
take place. Removing positive charges from the basic domain
also inhibited Tat endocytosis (Fig. 5, A and B). Hence, the basic
domain is involved in three key steps of Tat entry into cells as
follows: endocytosis, low-pH sensing, and membrane insertion.
The two halves of the domain do not contribute equally to these
processes, the N-terminal portion being more specifically
needed for membrane insertion, and the C-terminal part is
more important for endocytosis and ensures low-pH sensing
together with Glu/Asp-2. The implication of the basic domain
in Tat endocytosis and membrane insertion is consistent with
the ability of Tat-PTD to act as a vehicle to vectorize cargos
such as proteins or DNA to the cell cytosol (28). Nevertheless,
although Tat and its PTD share the same receptors (18, 26) and
can enter cells using clathrin-mediated endocytosis (15, 28), the
PTD lacks Tat Trp. Our results showing that Tat-W11A was
unable to insert into membrane monolayers at any pH and ini-
tial pressure (Fig. 6) are consistent with the fact that, to our
knowledge, Tat-PTD has not been found to penetrate model
membranes. Interestingly, attaching a Trp to Tat-PTD does
enable insertion into model membranes (47), and hooking a
Trp to Tat-PTD or other PTDs should thus increase the effi-
ciency of cargo cytosolic delivery. In agreement with the
absence of alow-pH sensor in Tat-PTD, membrane insertion of
the Trp-Tat-PTD peptide was found to take place at neutral pH
(47). Regarding the Tat-PTD mechanism of cellular uptake, it is
not clear whether Tat-PTD requires low endosome pH to reach
the cytosol, because inhibitors of endosomal acidification pro-
vided contrasting results with respect to the uptake of fluores-
cent Tat-PTD (48).

Because mutants such as Tat-W11A and Tat-W11L failed to
insert into membranes upon acidification, it seems clear that
Tat insertion is initiated by Trp-11. Other well preserved
hydrophobic residues such as Phe-38 or Leu-43 (35) within the
core domain are likely involved in membrane insertion and/or
translocation but acting downstream of Trp-11.

Acidic residues are involved in low-pH sensing by several
bacterial toxins such as colicin (49), botulinum (50), and diph-
theria toxin (51) where Asp or Glu are found in key positions
(49 -51). Nevertheless, membrane insertion of these toxins is

AUGUST 21, 2009+VOLUME 284 -NUMBER 34

thought to rely on translocation domain hydrophobic seg-
ments. Hence, the Tat membrane insertion process is mecha-
nistically closer to that of PEA (24). These two toxins indeed use
an acidic residue as pH sensor and a Trp side chain for mem-
brane penetration. HIV-1 Tat thus uses molecular tricks similar
to those developed by an unrelated bacterial toxin to achieve
endosomal escape to the cytosol. The finding that Tat Trp is
specifically required for endosomal translocation together with
the observation that, despite the high HIV-1 mutation rate (34),
this Trp is conserved between viral isolates (35) indicates that
the ability of Tat to cross membranes is important for HIV-1
multiplication.
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